Cell adhesion, migration, differentiation and survival or death is amongst a large spectrum of biological responses that can be elicited by ligation of extracellular matrix components to their corresponding receptors. As regards the physiology of the thymus, cell migration is a crucial event in the general process of T cell differentiation. Studies on the intrathymic distribution of ECM components revealed that fibronectin, laminin and type IV collagen, are not restrictedly located at typical basement membrane sites, also forming a thick network in the medullary region of the thymic lobules, whereas very thin ECM fibers are found within the cortex. These ECM components are essentially produced by thymic microenvironmental cells, which also drive thymocyte differentiation. Signals triggered by ECM are conveyed into thymocytes or microenvironmental cells through specific membrane receptors, and most of them belong to the integrin type, such as the VLA-3, VLA-4, VLA-5 and VLA-6. In vitro studies revealed that adhesion of thymocytes to thymic microenvironmental cells is mediated by extracellular matrix. Such an adhesion is preferentially done by immature thymocytes. Importantly, ECM-mediated interactions also govern the entrance and exit of thymocytes in the lymphoepithelial complexes named thymic nurse cells. Lastly, pathological conditions, including infectious and autoimmune diseases, in which changes of ECM ligands and receptors are observed, course with alterations in thymocyte migration and death. In conclusion, the fact that ECM can modulate traffic, differentiation, death and survival of normal thymocytes adds clues for understanding how ECM-mediated interactions behave in the thymus, not only in normal, but also in pathological conditions. As regards the physiology of one particular organ of the immune system, the thymus gland, a complete understanding of the role of ECM is far from being achieved. Nonetheless, a series of evi-
metazoa. Accordingly, various ECM receptors in a large variety of cell types have been cloned, and signal transduction pathways that are triggered when such receptors are activated by their ligands, have been described. Cell adhesion, migration, differentiation and survival or death are amongst a large spectrum of biological responses that can be elicited by ligation of a given ECM component to its corresponding receptor. As regards the physiology of one particular organ of the immune system, the thymus gland, a complete understanding of the role of ECM is far from being achieved. Nonetheless, a series of evi-dence further discussed below, does point to a functional relevancy of ECM glycoproteins in thymocyte migration. Additionally, we will discuss herein data suggesting that pathological changes of thymic ECM, as for example those induced by radiation or acute infections, might cause defects of intrathymic T cell migration, including their exit from the organ.
INTRATHYMIC DISTRIBUTION OF EXTRACELLULAR MATRIX LIGANDS
The thymus is a primary lymphoid organ, in which bone marrow-derived T cell precursors undergo a complex process of maturation, eventually leading to the exit of positively selected thymocytes. Most immature thymocytes (bearing the phenotypes CD3-CD4-CD8-and CD31WCD4+CD8+) are cortically located, whereas CD3highCD4+CD8 and CD3highCD4-CD8 + mature cells are found in the medulla. These medullary single positive cells will further cross the blood vessel walls and leave the organ to colonize the periphery of the immune system (Anderson et al, 1996) . Cell migration is thus a key event in the general process of intrathymic T cell differentiation. Importfintly, thymocyte maturation is essentially driven by the thymic microenvironment; a tridimensional network comprised by epithelial cells and to a much lesser extent, dendritic cells, phagocytes, fibroblasts and ECM moieties. The thymic epithelial cell (TEC) network, is a heterogeneous tissue in terms of both morphology and phenotype. One lymphoepithelial complex, the thymic nurse cell complex (TNC) has been isolated ex vivo, and corresponds to a multicellular structure formed by one TEC, that in mice can harbor 20-200 thymocytes (Wekerle and Ernst, 1980) . These TNC complexes are located in the cortex of the thymic lobules (van Ewijk, 1988; Li et al, 1998) . Accordingly, most intra-TNC thymocytes bear the CD4+CD8 + double positive phenotype (Li et al, 1992; Lahoud et al, 1992) Villa-Verde et al, 1995) .
The distribution of ECM in the normal thymus does not follow a homogenous pattern, and glycoproteins such as fibronectin, laminin and type IV collagen are not restrictedly located at typical basement membrane sites. In the medullary region of the thymic lobules, they form a rather thick medullary network, whereas very thin ECM fibres are found within the cortex (Fig. 1 ). This is in contrast with the tenascin distribution profile, virtually concentrated in the medulla and cortico-medullary junction (Oklind et al, 1993; Freitas et al, 1995) . The distribution of type I collagen is also distinct, being limited to the capsule, intraseptal and perivascular spaces (Berrih et al, 1985) . It is noteworthy that the intrathymic pattern of various ECM glycoproteins is largely conserved in mammals (Meirelles de Souza et al, 1993), suggesting a relevant role of these molecules in thymus physiology.
Distinct cell types are able to produce ECM components. We showed that cultured TEC can produce laminin, fibronectin and type IV collagen, as revealed in various human and murine TEC preparations, including TNC (Berrih et al, 1985; Lannes-Vieira et al, 1991; Meirelles de Souza and Savino, 1993; Villa-Verde et al, 1994) . Further recent results suggest that these ECM components can also be produced by fibroblasts as well as phagocytic cells of the thymic reticulum (Anderson et al, 1997; Ayres Martins et al, submitted) . Production of type I collagen is likely to be restrictedly secreted by typical fibroblasts (Berrih et al, 1985; Lannes-Vieira et al, 1991) , whereas tenascin seems to be produced by yet unidentified nonepithelial microenvironmental cells, possibly pericytes (Freitas et al, 1995) .
In the last few years, isoforms of ECM glycoproteins have been reported in the thymus. It has been shown that classical fibronectin, which is recognized by VLA-5 through the RGD motif, is located throughout the thymic parenchyma, whereas the isoform derived from alternative splicing of the fibronectin mRNA, and that is recognized by VLA-4 is restricted FIGURE Intrathymic distribution of fibronectin, as revealed by confocal microscopy. Note that the fibronectin-containing network is denser in the medulla (right part on the panel) of the thymic lobule, as compared to the cortex (left part on the panel). Additionally, fibronectin is seen around blood vessels. Bar 100 gm (see Color Plate XVIII at the back of this issue) to the medulla, clearly defining the cortico-medullary junction of the thymic lobules (Crisa et al, 1996) .
Additionally, laminin isoforms, generated by transcription of distinct gene's, and not by mRNA alternative splicings, have been reported. The first isoform characterized in the mouse thymus was laminin-2 (also named merosin), formed by the heterotrimer c2[ly1 (Chang et al, 1993 (Chang et al, , 1995 (Britz et al, 1983) revealed the production of sulfated glycosaminoglycans by the thymic microenvironment and thymocytes. Much more recently, we showed that TEC could secrete hyaluronic acid, as well as a heparan sulfate bearing short but highly sulfated regions (Werneck et al, 1999) . This is in keeping with previous data showing hyaluronic acid in human thymus frozen sections (Patel et al, 1995) , and the fact that hyaluronic acid plays a role in thymocyte maturation. Such an effect was actually seen using thymus fetal organ culture systems: treatment of fibroblast + epithelial cell reagreggates impaired the in vitro differentiation of immature CD25+CC44 + thymocytes (Anderson et al, 1997) .
In vitro production of ECM glycoproteins and glycosaminoglycans by distinct thymic microenvironmental cells is summarized in Table I . (Giunta et al, 1991; Villa-Verde et al, 1994) . Additionally, the VLA-4 (a4[l) fibronectin receptor has been reported in human thymic epithelial cells (Nieto et al, 1996) . Interestingly, confocal microscopy analyses conducted in the human thymus showed that integrins were polarized on TEC at discrete locations: a6134
lined the basal surface of TEC monolayers, whereas a3l was mostly found at TEC-TEC contacts. Moreover, it was noteworthy that the density of both receptors was highly enhanced at the boundaries with adherent thymocytes (Ramarli et al, 1998) . Thymocytes also express VLA-4 and VLA-5 fibronectin receptors, with the former being highly expressed in CD4/CD8 double-negative cells Salomon et al, 1997; Dalmau et al, 1999) . As regards laminin receptors, it was showed that the majority of mouse fetal thymocytes expresses the integrin o6134. Nonetheless, this receptor is developmentally down regulated, so that most adult thymocytes express the classical VLA-6 laminin receptor (Wadsworth et al, 1992) , as well as the VLA-3 (a 3131) integrin (Chang et al, 1995 ). Yet, the cz6134 expression restricted to CD4-CD8-cells was recently argued by the data showing this receptor in mature medullary located human thymocytes (Vivinus-Nebot et al, 1999) .
Typical cytofluorometric profiles depicting the expression of VLA-4, VLA-5 and VLA-6 by murine .thymocytes are illustrated in figures 2 and 3.
One of the first well-characterized ECM receptor in the thymus is the proteoglycan CD44, and its expression on thymocytes is particularly higher in very immature cells, thus serving as a marker for early differentiating thymocytes (Lynch and Ceredig, 1988) .
CD44 is a hyaluronic acid receptor, but it can also bind to fibronectin and collagen. This receptor has been determined in the human thymus, bearing a distribution similar to that of fibronectin (Patel et al, 1995) . Interestingly, CD44 isoforms have been identified in the human thymus, and may reflect specific functions in thymocyte differentiation (Haynes et al, 1989; Patel et al, 1995) . In terms of microenvironmental cells, we and others demonstrated that CD44 is also expressed in cultured TEC and more recently in phagocytic cells (Villa-Verde et al, 1994; Patel et al, 1995; Oliveira-dos-Santos et al, 1997) . Interestingly, a distinct hyaluronic acid receptor, exclusively present on thymocytes, has been described in the human thymocytes, and its expression is regulated by TEC (Pilarski et al, 1993 (Dalmau et al, 1999 figure 3 . Importantly, the increased expression of (x4 and a5 chains in thymocytes was strongly correlated with their adhesiveness to thymic epithelial cells (TEC) in vitro.
To further address this issue, we used anti-c4 or anti-c5 chain mAb reported to block integrin binding to fibronectin, or peptides that mimic fibronectin moieties and interfere with their recognition by integrins. Adhesion was strongly blocked by anti-c4 chain mAb and the fibronectin 1-25 IIICS peptide, which contains the critical LDV motif. By contrast, addition of the fibronectin 90-109 IIICS segment containing the REDV motif, also recognized by o4 integrin, exhibited a poor inhibitory effect. Anti-o5 chain mAb or fibronectin GRGDS peptide, which contains the RGD sequence recognized by c51 integrin, exhibited no or very poor anti-adhesive action (Fig. 4) . These findings are in keeping with those suggesting that in immature human thymocytes preferentially use VLA-4 to migrate, whereas mature thymocytes use both VLA-4 and VLA-5 fibronectin receptors (Crisa et al, 1996) .
ENTRANCE AND EXIT OF CELLS FROM THE THYMUS: ECM-MEDIATED EVENTS?
In addition to thymocyte migration within the thymic parenchyma, it is crucial to determine whether the entrance of bone marrow-derived precursors into the thymus, as well as the exit of mature thymocytes from the organ is governed by ECM-mediated interactions. Yet, little has been done in this respect. However, the few data available favor this hypothesis. In a series of blocking experiments in vitro, it has been shown that entrance of T cell precursors through thymic blood vessels can be abrogated with anti-CD44 or anti-VLA-6 antibodies (Ruiz et al, 1995) . Additionally, the presence of anti-CD44 partially prevented the exit of in vivo fluorochrome-labeled thymocytes. It has been proposed that thymocyte exit from the organ occurs orderly, as if the cells were rolling on a conveyor belt (Scollay and Godffrey, 1995). We then postulated that such a conveyor belt is a supramolecular arrangement of ECM (synthesised by distinct microenvironmental cell types), that drives migration of differentiating thymocytes, ultimately allowing the exit of mature positively selected cells . This hypothetical molecular basis for thymocyte migration is illustrated in figure 5 . FIGURE 4 Adhesion of immature thymocytes from mice after day 3 post-irradiation to the thymic epithelial cell line 2BH4. Thymocytes (1.5 107) were pre-incubated for 30 min. in medium alone, medium plus mAb directed to fibronectin receptors (or rat Ig as a negative control), or medium plus peptides mimicking fibronectin moieties, and then added to the 2BH4 TEC monolayers. After incubation for h at 37 C followed by washings with warm medium, adherent thymocytes were detached by beating the culture flasks and flushing the medium and counted. Antibodies were added at 20 tg/ml and peptides at mg/ml (Savino et al, 1989; Leite-de-Moraes et al, 1992) . In parallel, there is a progressive enhancement of intralobular ECM ligands, including fibronectin, type IV collagen and laminin. These alterations are accompanied by changes in the expression of corresponding receptors VLA-4, VLA-5 and VLA-6 on the remaining thymocytes (Fig. 6) .
In addition to these in vivo data, cultured TNC, Abnormal thymocyte migration may also occur in autoimmune diseases. In the NOD mouse thymus we FIGURE 6 Enhancement of laminio_ and laminin receptor expression in the thymus of Trypanosoma cruzi acutely-infected mice. In these immunoperoxidase assays, panels a and b correspond to immunostainings for laminin and VLA-6 respectively, in the thymus from control animals. In thymuses from T. cruzi infected animals there is an increase in the amounts of both laminin and VLA-6 (respectively depicted in panels e and d). x450 (see Color Plate XX at the back of this issue) previously demonstrated the formation of giant perivascular spaces (PVS), filled with mature thymocytes and an ECM-containing network . Such intrathymic alteration increases in size along with age, suggesting that thymocytes be gradually accumulated within the giant PVS. Actually, long term daily injection of bromodeoxyuridine revealed that thymocytes are somewhat arrested in these structures (our unpublished data). In the context of ECM-mediated thymocyte migration, we could predict a defect in the expression of ECM receptors by thymocytes and/or by thymic microenvironmental cells. In fact, it was reported VLA-5 decrease in mature thymocytes from the nonobese diabetic mouse thymus (Uniyal et al, 1998) . Such a decrease is already seen in immature thymocytes, and is not restricted to the VLA-5 fibronectin receptor, but (to a lesser extent) it is also seen in as regards the VLA-4 receptor.
CONCLUDING REMARKS AND OPEN QUESTIONS
The data reviewed above provide a strong evidence showing that the intrathymic expression of a variety of extracellular matrix components and corresponding receptors may be functionally linked to relevant events in thymus physiology, particularly thymocyte migration. Additionally, recent results although con-flicting, suggest that thymocyte death and survival can be under the influence of extracellular matrix . For the moment it seems that interaction with fibronectin via 4 integrins helps in TCR signaling for the positive selection (i.e. proliferation) of immature CD4-CD8-cells (Halvorson et al 1998) , whereas interaction with fibronectin via VLA-5 sensitizes for TCR signaling increasing negative selection (i.e. apoptosis) of CD4+CD8 + cells (Takayama et al, 1998) .
A further putative function for thymic ECM is to concentrate some cytokines that might be relevant to intrathymic T cell differentiation. In this respect, is has been shown that IL-7, a key cytokine for early T cell differentiation in the thymic can bind to thymic ECM (Kitazawa et al, 1997) . Furthermore, consider- ing that interferon-/can bind laminin (Hershkoviz et al, 1993; Li et al, 1998) , it is easy to realize how important will be the knowledge of intrathymic cytokine-ECM interaction. Lastly, since ECM can modulate traffic, death and survival of normal thymocytes, it is conceivable that the generation of the T cell repertoire can be influenced by ECM-mediated In any case, the fact that ECM can modulate traffic, differentiation, death and survival of normal thymocytes adds clues for understanding how ECM-mediated interactions behave in the thymus, not only in normal, but also in pathological conditions.
